INTRODUCTION
Since human exposure to nanomaterials has increased dramatically, 1 concerns for the possible harmful effects of nanoparticles on cells have been raised. From their entry sites, such as the skin or respiratory tract, nanoparticles can translocate to other parts of the body. 2, 3 Macrophages are active phagocytic cells that are present in many tissues as resident macrophages, such as alveolar macrophages in the lungs or skin macrophages. The process of internalization of nanoparticles by phagocytic cells can be divided into phagocytosis/macropinocytosis, receptor-mediated endocytosis, and passive penetration. 4, 5 Phagocytosis and macropinocytosis are mediated by actin polymerization that causes cell membrane ruffling and can be inhibited by cytochalasin D. 6 Endocytosis can be divided to clathrin-dependent endocytosis and caveolae-dependent endocytosis. 7 Clathrin-dependent endocytosis can be inhibited by chlorpromazine, a cationic amphiphilic drug that prevents the recycling of clathrin. 8 Caveolae-dependent endocytosis can be inhibited by nystatin, 9 an antibiotic and sterol-binding agent that acts to remove membrane cholesterol, which is important for both the maintenance and sealing-off of the plasma membrane of caveolae. 10 Therefore, our study was conducted to determine which internalization mechanism(s) is important to cellular uptake and cellular activation following exposure of macrophages to 5-nm silver nanoparticles. Using macrophages treated with silver nanoparticles at a concentration that does not induce cell death, Interleukin-8 (IL-toxin neutralizer. U937 cells were treated for 1 hour with chlorpromazine (C8183; Sigma, St. Louis, MO, USA), cytochalasin D (C8273; Sigma), or nystatin (N6261; Sigma) at indicated concentrations prior to the addition of the nanoparticles. At the concentrations used in this study, the inhibitors were not toxic to U937 cells (data not shown). Cell viability was tested using a colorimetric Cell Counting Kit-8 (Dojindo Laboratories, Kyoto, Japan) that was based on colorimetric assays with the tetrazolium salt WST-8
H-tetrazolium, monosodium salt]. Optical densities were measured at 450 nm.
To assess IL-8 concentrations in cell culture supernatants, enzyme-linked immunosorbent assay (ELISA) was performed using human cytokine IL-8 assay kits (BD Biosciences, San Jose, CA, USA). Optical densities were measured with a microplate reader set to 450 nm. For real-time reverse transcription polymerase chain reaction (RT-PCR) analyses, cDNA was synthesized from total RNA via reverse transcription with oligo-dT primers (Invitrogen, San Diego, CA, USA). Primer pairs designed to amplify cDNA encoding IL-8 were prepared using the Universal ProbeLi-8) production was examined. These results provide an understanding of the influence of silver nanoparticles on macrophages during the induction of immune responses or inflammation.
Silver nanoparticles suspended in water were provided by I&C (5-nm diameter, Seoul, Korea). Nanoparticles were round, polyvinylpyrrolidone-coated, and tested for contaminating endotoxin using a Pyrogene Recombinant Factor C Assay (Cambrex Bioscience, Walkersville, MD, USA), all of which were found as negative for endotoxin (less than 0.01 EU/mL). For cell culture, silver nanoparticles were prepared in RPMI 1640 medium with 2 mM L-glutamine supplemented with 10% fetal bovien serum (FBS), penicillin, and streptomycin (100 IU/mL each). Primary particle diameters were determined by transmission electron microscopy (TEM; model JEM-1011; JEOL, Peabody, MA, USA).
The human macrophage cell line U937 was cultured in RPMI 1640 containing 10% FBS and streptomycin/penicillin (100 IU/mL each) at 37°C in a humidified 5% CO 2 incubator. Although endotoxin was not detected in the silver nanoparticles used in this study, polymyxin B (InvivoGen, San Diego, CA, USA) was added at 10 ng/mL as an endo- (Fig. 1A) . The LC 50 for 5-nm silver nanoparticles was 0.36 µg/mL (Fig. 1A) . Next, we examined the effects of endocytosis or phagocytosis of nanoparticles by macrophages on cell death. After treatment of U937 cells with 0.5 µg/mL of nanoparticles, cell death was not prevented by chlorpromazine, cytochalasin D, or nystatin at the indicated concentrations (Fig. 1B) . These results suggest that a large portion of 5-nm silver nanoparticles enter cells by means other than endocytosis and phagocytosis. One mechanism of entry may be direct penetration of the cell membrane due to the extremely small size of the nanoparticles. Quantum dots 11, 12 can penetrate cell membranes as can gold nanoparticles.
13,14 Gold nanoparticles 2.4 nm in diameter were found to localize in the nucleus via direct penetration, whereas gold nanoparticles 16-nm and larger did not enter the cells. 13 Therefore, 5-nm silver nanoparticles may penetrate the lipid bilayer brary Assay Design Center (Roche Applied Science, Indianapolis, IN, USA). The primer sequences for IL-8 were as follows: forward, 5'-GTG CAG TTT TGC CAA GGA GT-3' and reverse, 5'-CTC TGC ACC CAG TTT TCC TT-3'. PCR reactions were performed using FastStart DNA Master SYBR Green I reagents and 3 mM MgCl 2 according to the manufacturer's instructions (Roche Applied Science) using a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The PCR cycle parameters were: 2 minutes at 50°C, 10 minutes at 95°C, and 40 cycles of 95°C for 10 seconds and 59°C for 1 minute. Real-time RT-PCR data for each gene product was normalized against levels of glyceraldehyde 3-phosphate dehydrogenase. All transcript levels were reported as mean relative changes (mean±SD) compared to untreated controls from triplicate analyses. One-way analysis of variance was used for the analysis between controls and study groups.
The viability of U937 cells treated with silver nanoparti- passively to enter cells as well as entering via endocytosis. Tissue macrophages are distributed throughout the whole body and secrete a large pool of cytokines when they encounter foreign materials. Among the cytokines participating in innate immunity, IL-8 recruits neutrophils to acute inflammation sites. In a previous study, we demonstrated that silver nanoparticles triggered macrophages to release IL-8. 15 Therefore, we chose IL-8 as an early responsive indicator for determining when macrophages are exposed to silver nanoparticles. As shown in Fig. 2A , chlorpromazine, cytochalasin D, and nystatin partially inhibited the production of IL-8 following exposure to silver nanoparticles at relatively higher concentrations for each of the inhibitors. These findings were confirmed by real-time RT-PCR assay (Fig. 2B) .
In our study, a complex mechanism, rather than a dominant mechanism, was determined to be involved in the cellular uptake of nanoparticles and IL-8 production by macrophages following exposure to silver nanoparticles. The process of internalizing nanoparticles is composed of multiple steps. The uptake of quantum dots is dependent on environmental temperatures, 16 indicating that a dynamic cellular process is involved. Additionally, the cellular uptake of quantum dots is dependent on cell type and cell differentiation stage, as shown in dendritic cells. Mature dendritic cells stimulated with lipopolysaccharide exhibited increased uptake of quantum dots compared with unstimulated dendritic cells. 17 Our real-time RT-PCR data indicate that chlorpromazine inhibits IL-8 production by macrophages treated with nanoparticles to a greater extent than do cytochalasin D or nystatin. Therefore, clathrin-dependent endocytosis of nanoparticles may be more responsible for IL-8 production by macrophages than are caveolin-mediated endocytosis and phagocytosis.
In summary, our results demonstrate that multiple mechanisms, including endocytosis and phagocytosis, contribute to IL-8 production in macrophages following exposure to 5-nm silver nanoparticles. However, endocytosis or phagocytosis inhibitors were unable to inhibit the cytotoxicity triggered by these nanoparticles.
